, increase the accumulation of specific transcripts in a manner that is not well understood but that appears to involve pre-mRNA processing. Here, we report biochemical analysis of purified, recombinant Su(s) [rSu(s)] expressed in baculovirus and in Escherichia coli as maltose binding protein (MBP) fusions and immunocytochemical analysis of endogenous Su(s). This work has shown that purified, baculovirus-expressed rSu(s) binds to RNA in vitro with a high affinity and limited specificity. Systematic evolution of ligands by exponential enrichment was used to identify preferred RNA targets of rSu(s), and a large proportion of RNAs isolated contain a full or partial match to the consensus sequence UCAGUAGUCU, which was confirmed to be a high-affinity rSu(s) binding site. An MBP-Su(s) fusion protein containing the N-terminal third of Su(s) binds RNAs containing this sequence with a higher specificity than full-length, baculovirus-expressed rSu(s). The consensus sequence resembles both a cryptic 5 splice site and a sequence that is found near the 5 end of some Drosophila transcripts. Immunolocalization studies showed that endogenous Su(s) is distributed in a reticulated pattern in Drosophila embryo and salivary gland nuclei. In salivary gland cells, Su(s) is found both in the nucleoplasm and in association with a subset of polytene chromosome bands. Considering these and previous results, we propose two models to explain how su(s) mutations affect nuclear pre-mRNA processing.
The Drosophila melanogaster suppressor of sable [su(s)] gene is one of a group of recessive suppressors that, when mutated, modify phenotypes associated with transposon insertion mutations at particular genes (reviewed in reference 38). Upon further examination at the molecular level, it has become apparent that these suppressor genes encode proteins that function more generally in regulating specific aspects of transcription and pre-mRNA processing. For example, suppressor of white-apricot [su(w a )] encodes an alternative splicing factor (47) , and the protein encoded by suppressor of forked [su(f)] is homologous to a human polyadenylation factor subunit (40) . The su(s) gene encodes a 150-kDa nuclear protein [Su(s)] with relatively little homology to other known proteins. Voelker et al. (43) identified a region within su(s) encoding 77 amino acids that is 28.6% identical to a region in the Drosophila U1 70K protein (23) . This region of U1 70K is thought to be an Arg-Ser domain, which is found in numerous splicing factors (2, 11) . Although the corresponding region of Su(s) contains two Argrich clusters, the characteristic Arg-Ser dipeptides are virtually absent from Su(s). Thus, the observed similarity between Su(s) and U1 70K may or may not be functionally significant. Voelker et al. (43) also identified a region of Su(s) with weak homology to an RNA recognition motif (RRM). More recently, this region of su(s) was reexamined, and using a refined definition of this motif, Birney et al. (2) concluded that it lacks sufficient homology to be classified as an RRM. Thus, the primary sequence analysis of su(s) did not strongly indicate a biochemical function for the encoded protein.
Loss-of-function su(s) mutations suppress certain mutant alleles of vermilion (v) sable, speck, purple (pr), singed, and yellow (y) (20) . Molecular analyses of suppressible v, y, and pr mutants indicate that su(s) mutations affect the processing of transcripts containing transposon 412 or P insertions (9, 10, 12, 19) within transcribed sequences near the 5Ј end of these genes. The picture that has emerged from our analysis of the interactions between su(s) and mutant derivatives of v is as follows. The suppressible v alleles contain identical insertions of the 7.5-kb retrotransposon 412 in the first v exon (36) . The 412 sequences are incorporated into the mutant v pre-mRNA, and during splicing, cryptic 5Ј and 3Ј splice sites near the ends of 412 are used to splice all but a few bases of 412 sequences from the RNA, as though it were an intron (9) . The accumulation of these mutant transcripts is exceedingly low in wildtype flies and is elevated by su(s) mutations (9, 30) . The in vivo analysis of several derivatives of a suppressible v allele revealed that splicing of the 412 intron with the cryptic sites is somewhat inefficient, as indicated by the accumulation of RNAs retaining the 412 intron as well as fully spliced transcripts (10) . Additionally, this work showed that su(s) mutations increase the stability of 412-containing transcripts without altering the efficiency of splicing the 412 intron. The finding that this same effect on transcript accumulation was produced in a su(s) wildtype background when one of the cryptic 5Ј splice sites was improved to a consensus site suggested that the higher stability of these transcripts could be the result of efficient splicing complex assembly at the 5Ј splice site of the 412 intron. However, from this analysis, it was not possible to establish whether su(s) mutations directly affect 5Ј splicing complex assembly or a different aspect of pre-mRNA metabolism.
In this report, we examine some of the biochemical proper-ties of purified recombinant Su(s) [rSu(s)], expressed in baculovirus and as Escherichia coli maltose binding protein (MBP) fusions, and the intracellular localization of endogenous Su(s). These experiments demonstrate that rSu(s) binds to RNA in vitro and preferentially binds a sequence that resembles both a cryptic 5Ј splice site and a sequence that is found near the 5Ј end of certain transcripts. Furthermore, Su(s) colocalizes with RNA processing components in salivary gland nuclei and appears to be associated at high levels with a relatively small number of transcripts. These results are consistent with possible roles of Su(s) in influencing complex assembly on cryptic 5Ј splice sites or nuclear RNA export.
MATERIALS AND METHODS
Cloning of su(s) into a baculovirus vector. Prior to cloning of the su(s) cDNA into a baculovirus expression vector, an adapter encoding the amino acid sequence Tyr-His 6 was ligated to a 0.7-kb SacI/DraI su(s) genomic fragment (43) containing the 3Ј coding region of su(s). This 3Ј su(s) fragment and a 3.2-kb ClaI/SacI cDNA fragment containing the 5Ј coding sequence were ligated together into the baculovirus expression vector pVL1392 (Invitrogen). The resulting plasmid contains the entire coding sequence of su(s) with the His 6 tag, seven bases of 5Ј untranslated sequence from su(s), and none of the 3Ј untranslated su(s) sequence. A transfection module (Invitrogen) was used to make recombinant baculovirus, and Spodoptera frugiperda Sf9 cells were infected with recombinant baculovirus as previously described (39) .
Purification of baculovirus-expressed rSu(s). Sf9 insect cells were maintained in Grace's medium supplemented with 10% fetal calf serum, antibiotic-antimycotic (Gibco/BRL), and 2 mM L-glutamine at 26ЊC. To overexpress rSu(s), 250 ml of Sf9 cells (6 ϫ 10 5 cells/ml) was infected with recombinant baculovirus in a spinner flask. After 3 days, cells were harvested by centrifugation at 2,600 ϫ g av for 10 min. The cell pellet was resuspended in 10 ml of phosphate-buffered saline (PBS) and recentrifuged. Cells were lysed by resuspending the pellet in 10 ml of buffer B1 (20 mM HEPES [pH 7.6], 2% Triton X-100, 1 mM ␤-mercaptoethanol, 0.2 mM phenylmethylsulfonyl fluoride, 0.1 mM leupeptin, 0.01 mM pepstatin, 5 g of aprotinin per ml). After being incubated on ice for 10 min with intermittent vortexing, nuclei were recovered by centrifugation at 714 ϫ g av for 10 min. The nuclear pellet was resuspended in 10 ml of buffer B2 (20 mM HEPES [pH 7.6], 1 M NaCl, 1 mM ␤-mercaptoethanol, 0.2 mM phenylmethylsulfonyl fluoride, 0.1 mM leupeptin, 0.01 mM pepstatin, 5 g of aprotinin per ml) and centrifuged at 28,400 ϫ g av for 15 min. The resulting supernatant, which contained rSu(s) in a relatively impure state, was discarded. The pellet was resuspended in buffer B2 and sonicated for seven 5-s pulses, each followed by a 1-min rest on ice, with a Branson Sonifier 250 (microtip at setting 2.5). This sonicate was centrifuged at 28,400 ϫ g av for 15 min, and the supernatant, containing the majority of rSu(s), was retained. To the nuclear sonicate were added CaCl 2 to 1 mM and micrococcal nuclease to 0.2 mg/ml, and the sample was incubated at 30ЊC for 20 min or until the majority of the nucleic acid was digested to less than 250 bp. After addition of EGTA to 5 mM, the sample was applied to a Sephacryl S-300 (Pharmacia) column (1.5 by 61.5 cm) equilibrated in 20 mM Tris-Cl (pH 7.6)-1 M NaCl-1 mM ␤-mercaptoethanol. The micrococcal nuclease and digested nucleotides eluted in the included volume of the column, whereas rSu(s) eluted in the void volume. Fractions containing rSu(s) protein were pooled and dialyzed against 20 mM Tris (pH 7.6)-1 M NaCl-1 mM ␤-mercaptoethanol-50% (vol/vol) glycerol. Aliquots of the dialysate were stored at Ϫ20ЊC. Protein concentration was determined by the Bradford assay (3).
Generation and purification of MBP-Su(s) fusion proteins. Clones of su(s) cDNA were cleaved with convenient restriction enzymes, and fragments encoding various portions of Su(s) were adapted with EcoRI linkers and cloned into the EcoRI site of pMal-c, an MBP expression vector (New England Biolabs). Cultures of E. coli transformant cells expressing the MBPSu(s) fusions were grown and the fusion proteins were isolated as suggested by the manufacturer, with the following modification. The cleared cell lysates were adjusted to 1 mM CaCl 2 and 10 mM MgCl 2 ; 40 U of protease-free RNase A (Sigma) was added, and the lysates were incubated on ice for 1 h. Proteins were purified by affinity chromatography on amylose-agarose columns as suggested by the manufacturer. Coomassie blue staining of sodium dodecyl sulfate (SDS)-polyacrylamide gels indicated that the fusion protein was the predominant protein in each of the preparations, with purity estimated to be approximately 30%. Protein concentrations were determined by Bradford assays.
Nitrocellulose filter binding assays. RNA binding activity was assayed as described previously (35) , with modifications. The 100-l reaction mixtures contained 25 mM HEPES (pH 7.6), 100 mM NaCl, and approximately 6 to 9 pM of RNA (9 ϫ 10 4 cpm/pmol) and 0.05 to 50 g of rSu(s) or MBP-Su(s) fusion per ml, diluted immediately before use in 10 mM HEPES (pH 7.6)-500 mM NaCl-1 mM ␤-mercaptoethanol. Reaction mixtures were assembled and incubated on ice for 1 to 60 min or at room temperature for 10 min. After addition of 900 l of ice-cold buffer NCB (10 mM Tris-Cl [pH 8], 60 mM KCl, 1 mM EDTA), each sample was filtered through a 24-mm-pore-size nitrocellulose filter (Millipore) presoaked in chilled buffer NCB. Samples were filtered at a rate of 5 ml/min and washed once with 5 ml of ice-cold NCB. Filters were then dried and counted by liquid scintillation counting. The background, i.e., counts per minute bound in the absence of protein, was typically less than 2% of the input. Under these experimental conditions, the dissociation constant (K d ) is equal to the protein concentration that results in 50% of the maximal RNA binding. SigmaPlot (Jandel Scientific) was used to curve fit the data used for K d determinations.
In the binding experiments with SELEX (systematic evolution of ligands by exponential enrichment) RNAs, templates for in vitro transcription were PCR amplified from plasmid clones in reactions primed with SLX1 and SLX2 (see below). After 10 amplification cycles, the resulting DNA was purified by gel electrophoresis. Synthetic RNAs were synthesized and subsequently purified by denaturing polyacrylamide gel electrophoresis (PAGE) as previously described (46) . After being used in RNA binding experiments for K d determination, the RNAs were reexamined by electrophoresis on 8 M urea-12% polyacrylamide gels to ensure that they remained intact. By densitometry and PhosphorImager analysis, the purity of these RNAs was typically better than 90%.
Northwestern blots. The procedure was done essentially as previously described (34) , with the following modifications. The blotting buffer also contained 5 g of sonicated salmon sperm DNA per ml, 5 g of yeast tRNA per ml, and 1.5 ϫ 10 6 cpm fushi tarazu (ftz) RNA (9 ϫ 10 4 cpm/pmol). The filter was stained to visualize proteins by incubation for 1 to 2 min in 50% methanol-0.1% Coomassie blue R-250 followed by destaining in 50% methanol-10% acetic acid.
SELEX. The selection and amplification of high-affinity RNAs were based on the method of Tuerk and Gold (42) . The DNA oligonucleotides used were SLX1 (5Ј-TAATACGACTCACTATAGGAGCTGCAGACAACCAACC), SLX2 (5Ј-GTCTCGAGGTTTCTTAGGTG), and SLX3 (5Ј-GTCTCGAGGTTTCTTAG GTGN 20 GGTTGGTTGTCTGCAGCTCCTATAGTGAGTCGTATTA, where N 20 refers to the 20 randomized nucleotides. To synthesize the starting pool of RNA, 3 g of SLX1, which contains T7 RNA polymerase promoter sequences, and 6.4 g of SLX3, the template for synthesis of the starting RNA pool, were mixed, heated to 95ЊC, and annealed by slowly cooling to room temperature. RNA was synthesized as described by Milligan et al. (28) or with a Megashortscript kit (Ambion). As a tracer, 10 to 50 Ci of [ 32 P]CTP (800 Ci/mmol) was added to these reactions. To select RNA-protein complexes, a 500-l sample containing 50 g (2.5 pmol) of RNA was added to 24 g (approximately 0.1 pmol) of rSu(s) in 10 mM HEPES (pH 7.6)-2 to 3 U of RNasin (Promega)-100 mM NaCl. After being diluted with 4.5 ml of ice-cold NCB, the sample was filtered through a nitrocellulose membrane as described above. The filter was washed four times with 5 ml of NCB and dried, and the bound RNA was quantitated by Cerenkov counting. RNA was eluted from the filter as previously described (41) . To make cDNA, 200 ng of SLX2 was mixed with 400 ng of selected RNA in 20 l of 40 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES; pH 6.5)-0.4 M NaCl-1 mM EDTA, incubated for 5 min at 85ЊC, and then incubated for 15 min at 42ЊC for annealing; subsequently, cDNA synthesis was performed as described previously (9) . The cDNAs were amplified by adding 3 to 9 l of the cDNA synthesis reaction to a 300-l PCR mixture containing SLX1 and SLX2 as primers. After 10 cycles of amplification, the resulting DNA was purified on a 2% low-melting-point agarose gel. The products of the PCR were cloned by digestion of the DNA with PstI and XhoI and ligation into pBluescript KS(Ϫ). Sequencing was performed according to the Sequenase sequencing kit protocol (U.S. Biochemicals).
Modification interference analysis. Modification interference assays were performed as previously described (37) , with the following modifications. Approximately 0.3 pmol of SELEX 8-5 RNA, 5Ј end labeled with 32 P, was modified with hydrazine or diethyl pyrocarbonate (DEPC) and added to a sixfold molar excess of rSu(s). The RNA binding reaction mixtures contained a 2,500-fold molar excess of tRNA relative to the labeled RNA to reduce nonspecific interactions of rSu(s) with SELEX 8-5. Bound RNAs were isolated on nitrocellulose filters and cleaved with aniline before being resolved on a 10% polyacrylamide-8 M urea gel. A single experiment contained four replicate samples of both free and the bound modified RNAs. Each band in the RNA ladders was quantitated with a PhosphorImager.
Anti-Su(s) antibody production and purification. Polyclonal antibodies were raised against a fusion protein that contained amino acids 648 to 808 of Su(s). To generate the appropriate gene fusion, a PvuI/BamHI restriction su(s) fragment including nucleotides (nt) 5832 to 6315 (43) was made blunt ended and ligated into SmaI-linearized pWR590 and pATH10 expression vectors (6, 13) . The resulting lacZ-and trpE-su(s)648-808 fusion constructs were expressed in E. coli MV1184, and the fusion proteins were partially purified by insoluble aggregation (32, 45) . The LacZ-Su(s) fusion was further purified by SDS-PAGE on a BioRad Prep-Cell. Subsequently, a 100 g sample of purified lacZ-Su(s) fusion protein, emulsified in an equal volume of Freund's incomplete adjuvant, was injected subcutaneously into female New Zealand White rabbits. Rabbits were boosted at 1-month intervals with protein as described above. Harvested antiserum was purified on a column containing the TrpE-Su(s) fusion coupled to Affi-Gel 10 (Bio-Rad). Loadings, washes, and elutions were done as previously described (33) .
Immunocytochemistry. Embryos were collected and fixed in preparation for antibody staining as described by Ashburner (1). After rehydration, samples were blocked for several hours in blocking buffer (PBS, 2% bovine serum albumin [BSA], 10% normal goat serum [NGS], 0.1% Triton X-100) and incubated overnight with affinity-purified anti-Su(s) antibodies diluted 1:1,000 in blocking buffer. Embryos were washed at least six times for 30 min each with PBT (PBS, 0.2% BSA, 0.1% Triton X-100) prior to an overnight incubation with a 1:2,000 dilution of horseradish peroxidase-conjugated goat anti-rabbit antibodies (Vector), precleared by incubation with fixed and blocked embryos. Embryos were washed as described above prior to incubation with diaminobenzidine (0.5 mg/ ml) and 0.003% hydrogen peroxide in PBT. After being washed twice in PBT, twice in PBS, once in ethanol, and finally in methanol, samples were mounted in methyl salicylate and photographed with Nomarski (differential interference contrast) or phase-contrast optics.
Salivary gland squashes were prepared and immunostained as described by Ashburner (1) except that slides were blocked with 5% NGS in PBS for 30 min prior to a 2-h incubation with primary antibody. A 1:500 dilution of affinitypurified, anti-Su(s) antibodies, precleared with fixed and blocked su(s) R39 null mutant salivary glands, or a 1:100 dilution of a mouse anti-U1 70K monoclonal antibody (44) (provided by Arno Greenleaf) was used. Lissamine rhodamine sulfonyl chloride (LRSC)-conjugated goat anti-rabbit and dichlorotriazinyl amino fluorescein-conjugated goat anti-mouse antibodies (2 g/ml; Jackson ImmunoResearch Laboratories, Inc.) were used as secondary antibodies for Su(s) and U1 70K antibodies, respectively. Salivary gland chromosomes were stained with 4Ј,6-diamidino-2-phenylindole (DAPI) at 200 ng/ml in PBS for 5 min. Squashes were mounted with fluorescent mounting medium (90% glycerol in PBS containing 4% n-propyl gallate) and examined by epifluorescence or laser scanning confocal microscopy. DAPI-stained squashes were photographed with P800 color slide film. Individual channel confocal images were pseudo-colored and combined with Photoshop image processing software.
The salivary gland whole mounts were prepared by using the dissection and fixation procedure described for salivary gland squashes (1) except that the acetic acid treatment was omitted. Glands were washed three times with wash buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 0.5% Nonidet P-40] and blocked for several hours in wash buffer containing 5% NGS and 1% BSA. Primary antibody incubations with cleared anti-Su(s) polyclonal antibodies (1:500) and either the anti-U1 70K (1:5) or antihistone (MAB1276; 1:30 Chemicon) monoclonal antibody were carried out overnight in the same buffer. After at least six washes for 30 min each, the glands were incubated overnight with secondary antibody. Glands were washed as described above with wash buffer, washed twice with PBS, suspended in fluorescent mounting medium for at least 1 h prior to being mounted, and examined by confocal microscopy.
RESULTS

Overexpression and purification of rSu(s) protein.
To obtain large quantities of purified rSu(s) for biochemical analysis, a su(s) cDNA was cloned into a baculovirus expression vector (see Materials and Methods). Whole-cell and fractionated extracts, prepared from baculovirus-infected cells, were examined by SDS-PAGE (Fig. 1) . A prominent band, with an apparent molecular mass of 170 kDa, was observed in extracts prepared from cells containing the su(s) cDNA (Fig. 1, lane 1) . Western blot analysis confirmed that this band, which was not observed in extracts prepared from mock-infected cells, was rSu(s) (data not shown). The vast majority of rSu(s) was associated with the nuclear fraction (Fig. 1, lane 3) . Extraction of the nuclear pellet with 1 M NaCl solubilized most of the nuclear proteins (Fig. 1, lane 4) , but a large proportion of rSu(s) remained associated with the nuclear pellet and was solubilized by sonication (Fig. 1, lane 5) . This fraction was treated with micrococcal nuclease to remove contaminating nucleic acids and then passed through a Sephacryl S-300 column to separate the digested nucleic acids and micrococcal nuclease from rSu(s). The resulting preparation (Fig. 1, lane 7) was determined to have Ͻ5% nucleic acid contamination, based on the A 260 /A 280 ratio, and to be about 70% pure rSu(s), based on densitometric analysis of a Coomassie blue-stained gel. The major contaminant of this fraction was a 39-kDa polypeptide. Since this protein did not react with anti-Su(s) antibodies (data not shown), it is either an unrelated protein or a proteolytic fragment of rSu(s) that cannot be detected with existing antibodies.
In the process of subcloning the su(s) cDNA for baculovirus expression, a His 6 tag was added to the carboxy terminus of the baculovirus-expressed rSu(s) (see Materials and Methods) so that the protein could be affinity purified on a nickel affinity column (Ni-nitrilotriacetic acid). However, repeated attempts to bind rSu(s) protein to this column under a variety of conditions were unsuccessful. Only under denaturing conditions did rSu(s) bind to the column and elute with imidazole, a specific competitor of the His 6 tag. Thus, the His6 tag was present but inaccessible in the native protein. Since a good purification was achieved without denaturation, rSu(s) protein was purified as described above without the aid of Ni-nitrilotriacetic acid chromatography. Binding of rSu(s) to RNA. As a first step in the biochemical analysis, we examined whether rSu(s) is capable of binding to RNA. One of the methods used to examine rSu(s) RNA binding activity was the RNA overlay-protein blot, or Northwestern blot, assay (34) . In this experiment, polypeptides in the purified rSu(s) protein preparation were resolved by SDS-PAGE and transferred to a nitrocellulose filter. After the proteins were renatured, the blot was incubated with radioactively labeled, 473-nt ftz RNA, which we and others have used as a substrate for in vitro splicing reactions (see, for example, reference 31). The ftz RNA bound to a 170-kDa polypeptide migrating at the position of rSu(s) (Fig. 2A, lane 1) . Since the ftz RNA binding activity in the purified rSu(s) preparation also immunoprecipitated with anti-Su(s) antibodies (data not shown), we concluded that the RNA binding activity observed in the North- western blot is due to rSu(s) rather than a comigrating contaminant. Other polypeptides in this fraction, including the major 39-kDa contaminant, have no apparent RNA binding activity.
A nitrocellulose filter binding assay (see Materials and Methods) was used to measure the affinity of rSu(s) for ftz RNA (Fig. 2B) . In this experiment, a constant amount of radiolabeled ftz RNA was incubated with various amounts of rSu(s), and the RNA-protein complexes were isolated by filtration through nitrocellulose membranes. Purified rSu(s) bound to ftz RNA with a K d of 1.4 nM, a value within the range observed for proteins with high affinities for RNA (4). Next we examined the ability of ribohomopolymers to compete with ftz RNA for binding to rSu(s) (Fig. 3A) . If the observed rSu(s) binding activity were due to nonspecific, e.g., electrostatic, interactions, then the four ribohomopolymers would be expected to inhibit the binding of rSu(s) to ftz RNA with similar efficiencies. We quantitated the amount of ftz RNA bound in reaction mixtures containing fixed amounts of rSu(s) and labeled ftz RNA but various amounts of a given ribohomopolymer. This analysis showed that poly(U) and poly(G) were effective inhibitors of rSu(s) binding to ftz RNA when the concentration of ribohomopolymer was 100-fold greater than the concentration of ftz RNA. However, poly(C) and poly(A) did not inhibit ftz RNA binding even when present at a 1,000-fold excess. These results suggest that rSu(s) is capable of discriminating between different RNA substrates and also eliminate the possibility that the RNA was nonspecifically trapped on the filter.
The ability of rSu(s) to distinguish between RNA and DNA was tested by measuring the ability of salmon sperm DNA to compete for rSu(s) binding to ftz RNA (Fig. 3B) . Both doublestranded and single-stranded DNA significantly inhibited rSu(s) binding to ftz RNA when the ratios of DNA to ftz RNA were 1,000 and 10,000, respectively. However, even at the highest DNA concentration tested, rSu(s) bound a substantial portion (30 to 50%) of the ftz RNA. Thus, rSu(s) appears to have a higher affinity for ftz RNA than DNA.
Identification of high-affinity RNAs. Because rSu(s) bound to a variety of different RNAs tested (unpublished observations and data presented below), the SELEX technique (42) was used to identify high-affinity RNA targets of rSu(s). This approach provides a means for the selective enrichment of high-affinity ligands in a randomized pool of RNAs by repeated rounds of isolating RNA-protein complexes and amplification of the bound RNAs. Synthetic oligonucleotides were used as the templates for in vitro synthesis of a pool of RNAs, 59 nt in length and containing random sequences at the central 20 positions (see Materials and Methods). A 25-fold molar excess of the randomized RNA pool was incubated with rSu(s), and bound RNAs were isolated on a nitrocellulose filter. The bound RNAs were eluted and amplified by using reverse transcription-PCR. After eight rounds of selection and amplification, the ability of rSu(s) to bind the selected RNA pool (pool 8) was compared to ability to bind to the starting RNA pool (pool 0) by the nitrocellulose filter binding assay (Fig. 4) . The protein exhibited a significantly higher affinity for the RNAs in pool 8 (K d of 3.2 Ϯ 4.6 nM) than the RNAs in pool 0 (K d of 24.8 Ϯ 3.3 nM). Therefore, the selection-amplification procedure successfully enriched the RNA population with higheraffinity rSu(s) binding sites.
Approximately 20 individual round 8 RNAs were cloned and sequenced. Of these clones, five contain a perfect match to the consensus sequence UCAGUAGUCU, and five other clones contain at least a 6-of-10 match to this sequence (Fig. 5A) . K d values were determined for most of the individual round 8 RNAs (Fig. 5A) , and a selected sample of the binding curves is shown in Fig. 5B . The RNAs with perfect or nearly perfect However, RNAs such as 8-21 contain several GU dinucleotides but bind relatively poorly to rSu(s). Thus, the SELEX consensus sequence or GU dinucleotides may contribute to the high affinity of rSu(s) for an RNA, but these features cannot be the only determinants of rSu(s) binding in vitro.
For comparison to the selected RNAs, 20 individual RNAs from the starting pool were also cloned and sequenced. Of the 20 round 0 clones sequenced, none had the sequence features, i.e., the SELEX consensus sequence and abundance of GU dinucleotides, found in the round 8 RNAs (data not shown). The round 8 clones, therefore, do not reflect a sequence bias in the starting pool. K d determinations were made for five round 0 RNAs (Fig. 5A) Footprinting analysis of rSu(s) binding to a SELEX RNA. To confirm that the SELEX consensus sequence represents an rSu(s) binding site, modification interference footprinting was used to map nucleotides on SELEX 8-5 RNA that interact with rSu(s). This RNA contains a 9-of-10 match to the SELEX consensus sequence and is bound by rSu(s) with a K d of 2 nM (Fig. 5) . SELEX 8-5 RNA, 5Ј end labeled with 32 P, was treated with DEPC or hydrazine under conditions where guanosine, adenosine, and uridine residues are modified. After incubation of modified 8-5 RNA with rSu(s), RNA-protein complexes were isolated on nitrocellulose filters. The bound RNA was eluted from the filters and treated with aniline, which cleaves RNA at the site of modification, and the products of the cleavage reaction were resolved on denaturing polyacrylamide gels. The banding patterns produced by bound RNA (Fig. 6 , lanes 3 to 6) were compared to the patterns produced by modified RNA that had not been incubated with rSu(s) (Fig. 6,  lanes 1, 2, 7, and 8) . Several bands in the rSu(s)-bound RNA sample were significantly reduced in intensity but none were Fig. 6 ; compare lanes 5 and 6 to lanes 7 and 8). Nucleotides U28 and U31, when modified with hydrazine, also interfered with rSu(s) binding ( Fig. 6 ; compare lanes 1 and 2 to lanes 3 and 4). These nucleotides (A26 to U31) are located in the SELEX consensus sequence (U24 to C32 [ Fig. 6]) . The footprinting analysis also indicates that rSu(s) interacts with bases G37, G39, and A41, located outside of the consensus sequence within a G/U-rich region (Fig. 6 , lanes 5 and 6).
Attempts to map the rSu(s) binding site on SELEX 8-21 and 8-28 RNAs, which have a partial match to the consensus or lack it entirely, were unsuccessful. Our results indicate that heating of these RNA samples during the modification procedure significantly reduced binding (data not shown). Thus, RNA structure could be an important component of rSu(s) binding to these particular RNAs.
Specificity of rSu(s) binding to SELEX 8-5 RNA. Competition experiments were performed to examine the binding specificity of rSu(s) for an RNA containing the SELEX consensus sequence versus various homopolymeric and heterogeneous RNA sequences (Fig. 7) . The ability of a cold (unlabeled) competitor RNA to prevent rSu(s) from binding to the labeled SELEX 8-5 RNA reflects the ability of rSu(s) to discriminate between the 8-5 RNA binding site and sequences found in the competitor RNAs. The ribohomopolymers poly(A) and poly(C) did not compete with 8-5 RNA for rSu(s) binding, even when present at a 10,000-fold mass excess over labeled 8-5 RNA (Fig. 7A) . At a 10,000-fold mass excess, poly(U) inhibits binding of SELEX 8-5 RNA by approximately 50%. On the other hand, poly(G) is a strong competitor, inhibiting rSu(s) binding as effectively as cold 8-5 RNA; i.e., binding is inhibited by 50% at about a 100-fold mass excess (Fig. 7A) . These results are FIG. 6 . Modification interference RNA footprinting of rSu(s) on SELEX 8-5 RNA. 5Ј-end-labeled SELEX 8-5 RNA was modified with hydrazine or DEPC and incubated in the presence or absence of a sixfold molar excess of rSu(s). Subsequently, bound RNA, isolated on nitrocellulose filters, and RNA that had not been incubated with protein were subjected to aniline cleavage followed by electrophoresis on a 10% polyacrylamide-8 M urea gel. The RNA ladders derived from hydrazine-modified RNA (lanes 3 and 4) and DEPC-modified RNA (lanes 5 and 6) that was bound by rSu(s) were compared to the aniline cleavage pattern produced from free hydrazine-modified RNA (lanes 1 and 2) and DEPC-modified RNA (lanes 7 and 8) . The nucleotide sequence of SELEX 8-5 RNA is shown below the autoradiograph. The SELEX consensus sequence is in the black box, and the asterisks indicate the bases that were significantly reduced in intensity upon rSu(s) binding. The experiment shown contained four replicate samples of both free and the bound RNAs, and the intensity of each band in these samples was quantitated with a PhosphorImager. For the DEPCmodified RNAs, the bases marked with asterisks are ones whose modification reduced the intensity of the bound RNA band between two-to fourfold relative to the level of free 8-5 RNA. Upon hydrazine modification, the uridines marked with asterisks represent a 1.7-to 2.7-fold reduction in intensity of the bands of bound compared to free 8-5 RNA. Standard deviations indicate that these are significant differences. qualitatively similar to those of the ribohomopolymer competition analysis of rSu(s) binding to ftz RNA (Fig. 3) , although a larger amount of poly(U) is needed to inhibit binding to the SELEX 8-5 RNA. Figure 7B illustrates the results of experiments that examined the ability of heterogeneous RNA sequences to compete for rSu(s) binding to SELEX 8-5 RNA. SELEX RNA 8-28, which lacks the consensus sequence but binds with a high affinity (Fig. 5) , is as effective a competitor as cold 8-5 RNA. The randomized population of RNAs in the starting pool of the SELEX experiment (pool 0 RNA) and total yeast tRNA were also tested as competitors, and rSu(s) shows a small preference for 8-5 RNA over both of these RNA samples. The 0-2 RNA, isolated from pool 0, is bound by rSu(s) with about a 30-fold-lower affinity than 8-5 (Fig. 5) . Consistent with this relatively high K d value is the observation that 0-2 RNA is a less effective competitor than the other RNAs tested. Whereas about a 100-fold molar excess of cold 8-5 RNA reduced the binding of rSu(s) to labeled 8-5 RNA by 50%, a 2,400-fold molar excess of cold 0-2 RNA was required for a similar reduction in 8-5 RNA binding (Fig. 7B) . Thus, the specificity of rSu(s) for heterogeneous RNA sequences is somewhat low in vitro, but the observed binding specificity is within the range observed for other RNA binding proteins (see Discussion). Furthermore, it appears from this analysis that K d value comparisons are as useful as competition experiments in providing an indication of the rSu(s) binding specificity for heterogeneous RNA sequences.
Delineation of the Su(s) RNA binding region. To define the approximate region(s) of Su(s) responsible for RNA binding, portions of Su(s) were expressed as fusions with E. coli MBP, and after affinity purification, the fusion proteins were tested for RNA binding activity (Fig. 8A) . Fusion protein mSu(s)1-360, containing the N-terminal 360 amino acids of Su(s), bound ftz RNA with a similar affinity as full-length rSu(s). A lower-affinity binding to ftz RNA was observed with a fusion protein containing C-terminal 313 amino acids [mSu(s)1008-1321], and no RNA binding was observed with two other fusion proteins containing Su(s) amino acids 361 to 700 or 701 to 1007. The binding specificity of a fusion protein containing the high-affinity, N-terminal RNA binding region was examined in assays using several SELEX RNAs (Fig. 8B) . The fusion protein used in this analysis [mSu(s)1-434] extends 74 amino acids further than the N-terminal fusion protein described in Fig. 8A and exhibits a similar affinity for ftz RNA (data not shown). The mSu(s)1-434 fusion protein bound two SELEX consensuscontaining RNAs, 8-5 and 8-32, with a much higher affinity (K d of 3 to 5 nM) than two SELEX nonconsensus RNAs, 8-27 and 8-28, and the pool 0 RNA. Baculovirus-expressed rSu(s) (Fig.  8C) showed less of a difference in its affinity for these same RNAs, as described earlier. Finding a high-affinity RNA binding activity in mSu(s) fusion proteins containing the N-terminal region confirms that binding RNA in vitro is a property of Su(s). Furthermore, the N-terminal mSu(s) fusion binds RNAs containing the SELEX consensus sequence with a substantially greater specificity than baculovirus-expressed rSu(s). The high level of nonspecific RNA binding activity observed with the partially purified, baculovirus-expressed protein could be a property of the full-length protein, possibly involving amino acids in the C-terminal region, or it could be due to a contaminating activity in the preparation.
Immunocytochemical analysis of Drosophila Su(s) protein. Affinity-purified anti-Su(s) polyclonal antibodies were used to examine the localization of endogenous Su(s) in whole mounts of embryos and larval salivary glands. Embryo nuclei stain with these antibodies (Fig. 9A) , and rather than being uniformly distributed, Su(s) appears to be distributed in a reticulated network (Fig. 9C) . The absence of staining in samples prepared from the su(s) R39 null mutant (Fig. 9B) confirms that the observed pattern is specific for Su(s). Su(s) is also unevenly distributed in the nuclei of third-instar larval salivary glands ( Fig. 9D and E) . From the examination of a sample stained with both antihistone and anti-Su(s) antibodies, it appears that the staining of salivary gland nuclei is primarily in the nucleoplasm, and it is absent from the nucleolus and, largely, from chromosomes ( Fig. 10A and B) . A monoclonal antibody that recognizes the U1 70K protein (44) produced the same staining pattern in salivary gland nuclei as the anti-Su(s) antibodies (compare Fig. 10C and D) . This same pattern was observed for U2 snRNP protein B and snRNAs (48) .
Antibodies that recognize proteins involved in RNA processing typically stain polytene chromosomes due to the association of proteins with nascent transcripts. For example, antihnRNP antibodies stain a large number of polytene chromosome bands (26) . With the anti-Su(s) antibodies, fewer than 20 sites on polytene chromosomes stained strongly, and a much larger VOL. 17, 1997 RNA BINDING ACTIVITY OF DROSOPHILA Su(s) PROTEIN 2297 number of bands stained weakly ( Fig. 9E and F) . Similar analysis of chromosome squashes prepared from the null mutant su(s) R39 showed that both the strong and weak signals are due to Su(s) (data not shown). Most chromosomal puffs do not stain strongly; thus, the strength of the Su(s) signal is not correlated with the most actively transcribed genes. Analysis of chromosomal squashes doubly stained with anti-Su(s) and anti-U1 70K antibodies (Fig. 10G ) revealed that many of the bands that stain with anti-Su(s) antibodies also stain with the anti-U1 70K antibody; however, some bands stain only with anti-U1 70K and others stain only with anti-Su(s). Therefore, Su(s) is localized, for the most part, at what appear to be sites containing pre-mRNAs that are being processed. Furthermore, finding a relatively high level of Su(s) associated with a limited number of sites indicates that Su(s) has preferred premRNA targets in vivo.
DISCUSSION
Our finding that rSu(s) binds RNA in vitro is consistent with previous results indicating that su(s) mutations affect premRNA processing (9, 10, 12) . The K d values of baculovirusexpressed rSu(s) for various small RNAs ranged from 2 to 60 nM. Full-length rSu(s) generally exhibited a 5-to 10-fold preference for a SELEX consensus RNA versus other heterologous RNA sequences in vitro. This general range of specificity and affinity has been observed for other RNA binding proteins such as hnRNP proteins, SR proteins, and the Drosophila splicing regulators, Tra and Tra-2 (4, 21, 25) . Recombinant Su(s) exhibited greater variation in its affinity for various small RNAs at lower protein concentrations than at higher protein concentrations. This observation would be consistent with the protein having a dual RNA binding function: a higher-affinity, specific mode of binding and a somewhat lower-affinity, nonspecific RNA-binding activity. Consistent with this idea are the results of our analysis of the MBP-Su(s) fusion proteins. These experiments showed that a domain capable of specifically recognizing RNAs containing the SELEX consensus sequence is located in the N-terminal region of Su(s), and a lower-affinity RNA binding domain is in the C-terminal region. The RRMlike motif of Su(s) (43) is contained within the C-terminal region and could be responsible for the lower-affinity RNA binding activity. We are performing experiments to define precisely the RNA binding domain(s) in the N-terminal region. The finding that a region of Su(s) specifically recognizes SELEX consensus RNAs increases the likelihood that the consensus sequence is relevant to Su(s) function.
Several conclusions can be drawn from the immunolocalization analysis of Su(s). First, the majority of Su(s) in salivary gland cells is found in the nucleoplasm. The experiments of Zachar et al. (48) indicate that inefficiently spliced pre-mRNAs and splicing factors accumulate in the nucleoplasm; however, we do not know whether this pool of Su(s) is bound to RNA or free. Second, it appears that Su(s) associates with some premRNAs at an early stage, i.e., as they are being transcribed. Third, the finding that Su(s) associates with a relatively small number of polytene chromosome sites suggests that Su(s) is not involved in the metabolism of all pre-mRNAs in this cell type. While this observation suggests a higher level of specificity than would be predicted from our in vitro RNA binding experiments with baculovirus-expressed rSu(s), our analysis of MBP-Su(s) fusions is consistent with a more specific mode of RNA recognition. In addition, the binding specificity in vivo could be affected by parameters such as the intracellular concentration of Su(s) or interactions between Su(s) and other proteins. For example, cooperative binding was observed to increase the specific recognition of the doublesex splicing enhancer by Tra, Tra-2, and SC-35 (21) .
The three classes of su(s)-suppressible alleles that have been examined at the molecular level thus far contain transposon insertions near the beginning of the transcript that are either recognized as the first intron or contained within it. We and others have obtained evidence that in su(s) mutants these transposon-containing pre-mRNAs are stabilized, and consequently higher levels of spliced transcripts are produced. Our data (10) indicate that the higher stability of the v mutant pre-mRNAs in su(s) mutants could result from an increased stability of splicing complexes on the cryptic, transposon 412-associated, 5Ј splice sites. According to this view, a function of Su(s) would be to prevent recognition of cryptic 5Ј splice sites. However, an alternative explanation could be that su(s) mutations result in these mutant RNAs being retained in the nucleus for a longer time, thereby allowing more time for the splicing out of transposon sequences prior to RNA export. If transported to the cytoplasm prior to the transposon sequences being removed, these RNAs, which are predicted to be poorly translated, would likely be unstable in the cytoplasm. Thus, an alternative function of Su(s) could be to promote export of certain RNAs from the nucleus.
The results of the SELEX experiment are consistent with both models of Su(s) function. Nucleotides 2 through 8 of the SELEX consensus sequence UCAGUAGUCU resemble the 5Ј splice site consensus CAG/GU(A/G)AGU, and this suggests the possibility that Su(s) binds directly to certain 5Ј splice sites and affects their recognition. The occurrence of a high proportion of GU dinucleotides in the selected RNAs is also consistent with Su(s) binding to sequences resembling 5Ј splice sites. The emerging view from recent studies is that multiple interactions are involved in 5Ј splice site selection (reviewed in reference 14) , and perhaps Su(s) is one of the proteins involved in this process. The SELEX sequence UCAGUAG UCU also resembles a sequence that is commonly found near the 5Ј ends of many Drosophila transcripts. Cherbas and Cherbas (5) found that in about 25% of arthropod transcripts, the sequence TCAGT, which matches the first five bases of the SELEX consensus, preferentially occurs within the first 10 nt of the RNA. The v and metallothionein/v k long terminal repeat transcripts affected by su(s) mutations contain the sequence UCAGU within this region in a context that matches the SELEX consensus at 6 and 7, respectively, of 10 positions (24) . A similar sequence is found near the 5Ј ends of pr and y transcripts, whose levels are elevated in su(s) mutants (19, 24) . Thus, Su(s) may bind to a site near the 5Ј end of an RNA. The 5Ј cap site has been shown to be important for efficient splicing of the first intron (17, 29) . If the effect of su(s) mutations is specific for the first intron as Kim et al. (19) suggested, this could involve Su(s) binding near the cap site and influencing splicing of the first intron of these transcripts. Su(s) might also interact with factors that bind to the 5Ј cap and promote RNA transport (15, 16, 18) . For example, Su(s) might normally facilitate transport of these mutant RNAs out of the nucleus before splicing complexes assemble on the cryptic splice sites. This model is analogous to the function of human immunodeficiency virus Rev, which promotes the transport of a class of incompletely spliced human immunodeficiency virus RNA species (7, 8, 22, 27) .
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